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LiteSteel beam (LSB) is a new cold-formed steel hollow flange channel section produced 
using a patented manufacturing process involving simultaneous cold-forming and dual 
electric resistance welding. The LSBs are commonly used as floor joists and bearers with 
web openings in residential, industrial and commercial buildings. Their shear strengths are 
considerably reduced when web openings are included for the purpose of locating building 
services. However, no research has been undertaken on the shear behaviour and strength 
of LSBs with web openings. Therefore experimental and numerical studies were undertaken 
to investigate the shear behaviour and strength of LSBs with web openings. In this 
research, finite element models of LSBs with web openings in shear were developed to 
simulate the shear behaviour and strength of LSBs including their buckling characteristics. 
They were then validated by comparing their results with available experimental test 
results and used in a detailed parametric study. The results showed that the current design 
rules in cold-formed steel structures design codes are very conservative for the shear 
design of LSBs with web openings. Improved design equations have been proposed for the 
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Abstract: LiteSteel beam (LSB) is a new cold-formed steel hollow flange channel section 4 
produced using a patented manufacturing process involving simultaneous cold-forming and 5 
dual electric resistance welding. The LSBs are commonly used as floor joists and bearers with 6 
web openings in residential, industrial and commercial buildings. Their shear strengths are 7 
considerably reduced when web openings are included for the purpose of locating building 8 
services. However, no research has been undertaken on the shear behaviour and strength of 9 
LSBs with web openings. Therefore experimental and numerical studies were undertaken to 10 
investigate the shear behaviour and strength of LSBs with web openings. In this research, 11 
finite element models of LSBs with web openings in shear were developed to simulate the 12 
shear behaviour and strength of LSBs including their buckling characteristics. They were then 13 
validated by comparing their results with available experimental test results and used in a 14 
detailed parametric study. The results showed that the current design rules in cold-formed steel 15 
structures design codes are very conservative for the shear design of LSBs with web openings. 16 
Improved design equations have been proposed for the shear capacity of LSBs with web 17 
openings based on both experimental and parametric study results. An alternative shear design 18 
method based on an equivalent reduced web thickness was also proposed. It was found that the 19 
same shear strength design rules developed for LSBs without web openings can be used for 20 
LSBs with web openings provided the equivalent reduced web thickness equation developed 21 
in this paper is used. This is a significant advancement as it simplifies the shear design 22 
methods of LSBs with web openings considerably. 23 
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Introduction 35 
 36 
In recent times cold-formed and thin-walled steel sections have been used extensively in 37 
residential, industrial and commercial buildings as primary load bearing members. LiteSteel 38 
Beam (LSB) is a new cold-formed steel hollow flange channel section produced by OneSteel 39 
Australian Tube Mills (see Figure 1). It has a unique shape including two rectangular hollow 40 
flanges, and is manufactured using a patented dual electric resistance welding and automated 41 
continuous roll-forming process. It has the beneficial characteristics of including torsionally 42 
rigid closed rectangular flanges combined with economical fabrication processes from a single 43 
strip of high strength steel. The cross-sectional shape of LSB has been designed such that it 44 
provides higher structural performance compared to other cold-formed steel beams produced 45 
to date. Its integral benefits of lightweight, strength, and ease of constructability offer a new 46 
alternative for structural engineers. The LiteSteel beam has a wide range of applications in 47 
residential, commercial and industrial construction (Figure 1), and is on average 40% lighter 48 
than traditional hot-rolled structural sections of equivalent bending strength (OATM, 2008). 49 
Table 1 presents the currently available LSB sections and their dimensions. There are 13 LSB 50 
sections whose depth varies from 125 mm to 300 mm while their hollow flange width varies 51 
from 45 mm to 75 mm. The thickness of steel used in LSBs varies from 1.6 mm to 3.0 mm. 52 
 53 
Current practice in flooring systems is to include openings in the web of floor joists or bearers 54 
so that building services can be located within them. Pokharel and Mahendran (2006) 55 
recommended the use of circular web openings in LSBs based on an investigation using finite 56 
element analyses. Figure 2 shows an LSB joist with circular web openings. Three standard 57 
opening sizes of 60, 102 and 127 mm are used with currently available LSBs (OATM, 2008). 58 
The introduction of web openings in a section significantly reduces its shear capacity due to 59 
the reduced web area. The shear flow in 125x45x2.0 LSB shown in Figure 3 demonstrates that 60 
approximately 88% of the shear force is resisted by the web element of LSB (Keerthan and 61 
Mahendran, 2010a). The reduction in the primary shear resisting area will lead to a significant 62 
reduction in shear capacity. However, the effect of web openings on the flexural capacity is 63 
negligible as the web openings are normally located at the centre of web. There are many 64 
variables that affect the shear capacity of members containing web openings. They include the 65 
shape, position and size of web openings and also the slenderness of the web element. 66 
Therefore a detailed investigation was undertaken on the effects of circular web openings on 67 
the shear capacities of LSBs based on experimental and numerical studies. Experimental study 68 
  
 
 
included 26 shear tests of LSBs with circular web openings and the experimental shear 69 
capacities were compared with predictions using the available design rules, including those in 70 
AS/NZS 4600 (SA, 2005). Details of this experimental study and the results are presented in 71 
Keerthan and Mahendran (2011b). In the numerical study, suitable finite element models of 72 
LSBs with circular web openings were developed to simulate their shear behaviour and 73 
capacity, and were validated by comparing their results with experimental test results reported 74 
in Keerthan and Mahendran (2011b). A detailed parametric study was then undertaken using 75 
the validated finite element model in order to develop improved design equations for the shear 76 
capacity of LSBs with web openings.  77 
 78 
This paper presents the details of the development of finite element models of LSBs with web 79 
openings and the results. It includes a comparison of finite element analysis (FEA) and 80 
experimental results and the details of improved design equations proposed for the shear 81 
capacity of LSBs with web openings based on both experimental and FEA parametric study 82 
results. 83 
 84 
Finite Element Analyses of LSBs with Web Openings 85 
 86 
Finite Element Model Description 87 
 88 
This section describes the development of finite element models to investigate the ultimate 89 
shear strength behaviour of LSBs with web openings including their elastic buckling 90 
characteristics. For this purpose, a general purpose finite element program, ABAQUS Version 91 
6.7 (HKS, 2007), which has the capability of undertaking geometric and material non-linear 92 
analyses of three dimensional structures was used. Finite element models were developed first 93 
with the objective of accurately simulating the actual test members’ physical geometry, loads, 94 
constraints, mechanical properties and initial geometric imperfections reported in Keerthan 95 
and Mahendran (2011b). Experimental study (Keerthan and Mahendran, 2011b) included 96 
shear tests of simply supported LSBs under a three-point loading arrangement as shown in 97 
Figure 4. Both back to back LSBs and single LSBs with a shear centre loading were used. 98 
However, these tests gave very similar results. Hence in this study, finite element models of 99 
single LSBs with shear centre loading and simply supported boundary conditions were used to 100 
simulate the shear tests. 101 
 102 
  
 
 
Relatively short spans based on aspect ratios of 1.0 and 1.5 were selected in this research. It is 103 
practically impossible to set up a loading scheme in shear tests where a test panel is subjected 104 
to pure shear. However, it can be assumed that the shear capacity is not affected provided the 105 
ratio of applied moment to the section moment capacity is less than 0.70 (Keerthan and 106 
Mahendran, 2011a). This requirement was met by all the LSB specimens chosen in this 107 
research. 108 
 109 
The cross-section geometry of the finite element model was based on the measured 110 
dimensions and thicknesses of 26 tested LSBs reported in Keerthan and Mahendran (2011b). 111 
Table 2 gives the measured dimensions and web yield stresses used in the finite element 112 
model of these test beams made of seven LSB sections. In this table tw and fyw are the base 113 
metal thickness and yield stress of the web element and d1 is the clear web height. For LSBs 114 
d1 is defined as the clear height of web instead of the depth of the flat portion of web 115 
measured along the plane of the web as defined in AS/NZS 4600 (SA, 2005) for cold-formed 116 
channel sections. The reasons for this are given in Keerthan and Mahendran (2010 a, 2010b). 117 
Table 2 also provides the diameters of web openings (dwh) used in the models. Table 3 gives 118 
the measured thicknesses (tf) and yield stresses (fyf) of the flange elements of tested LSBs. 119 
Measured web and flange thicknesses and web height reported in these tables were used in the 120 
finite element models. However, nominal flange widths were used as the effect of not using 121 
the measured flange widths was considered to be negligible. Since the effect of including the 122 
rounded corners in LSBs on the shear buckling behaviour and capacity was found to be 123 
negligible (Keerthan and Mahendran, 2010a), right angle corners were used in the finite 124 
element models used in this study. 125 
 126 
ABAQUS has several element types to simulate the shear behaviour of beams with web 127 
openings. But among those, shell element was selected as it has the capability to simulate the 128 
shear behaviour of thin steel beams such as LSBs. The shell element in ABAQUS called 129 
S4R5 was used to model the shear behaviour of LSBs with web openings. This element is 130 
thin, shear flexible, isometric quadrilateral shell with four nodes and five degrees of freedom 131 
per node, utilizing reduced integration and bilinear interpolation scheme. The use of other 132 
shell element types, S9R5, S8R5, S4R and S4, was shown to provide negligible differences in 133 
the elastic shear buckling capacities of LSBs (Keerthan and Mahendran, 2010a).  134 
 135 
  
 
 
R3D4 rigid body elements were used to simulate the restraints and loading in the finite 136 
element models. The R3D4 element is a rigid quadrilateral with four nodes and three 137 
translational degrees of freedom per node. Finite element modelling was carried out using 138 
MD PATRAN R2.1 pre-processing facilities using which the model was created and then 139 
submitted to ABAQUS for the analysis. The results were also viewed using MD PATRAN 140 
R2.1 post-processing facilities. 141 
 142 
Discretization of the Finite Element Mesh 143 
 144 
In FEA, selection of mesh size and layout is critical. It is desirable to use as many elements as 145 
possible in the analysis. However, such an analysis will require excessive computer time.  In 146 
this analysis, adequate numbers of elements were chosen for both flanges and web based on 147 
detailed convergence studies in order to obtain sufficient accuracy of results without excessive 148 
use of computing time. In order to get accurate results, Paver Mesh was applied around the 149 
web openings. Convergence studies showed that in general element sizes of approximately 5 150 
mm x 5 mm provided an accurate representation of shear buckling and yielding deformations 151 
and good accuracy of results for all the sections. The geometry and finite element mesh of a 152 
typical LSB with web openings is shown in Figure 5. 153 
 154 
Material Model and Properties 155 
 156 
Tensile coupon tests were conducted for the batch of LSB sections from which the test beam 157 
specimens were taken. Tensile coupons taken from the web and inside and outside flanges of 158 
seven LSB sections were tested to determine the average yield stresses given in Tables 2 and 159 
3. Tensile test results showed that the measured yield stresses exceeded the nominal flange 160 
and web yield stresses of 450 and 380 MPa, respectively. The flange yield stresses are higher 161 
than the web yield stress due to a higher level of cold-working of the flanges during the 162 
manufacturing of LSBs. The measured yield stresses obtained from tensile testing were used 163 
in the analyses.  The elastic modulus and Poisson’s ratio were taken as 200,000 MPa and 0.3, 164 
respectively. The ABAQUS classical metal plasticity model was used in all the analyses. This 165 
model implements the von Mises yield surface to define isotropic yielding, associated plastic 166 
flow theory, and either perfect plasticity or isotropic hardening behaviour. When the 167 
measured strain hardening in the web element was used in FEA, the shear capacity 168 
improvement was less than 1%. Hence it was not considered in the analyses.  169 
  
 
 
  170 
Loads and Boundary Conditions 171 
 172 
Simply supported boundary conditions were implemented in the finite element models of 173 
LSBs with web openings. They were used at the supports to provide the following 174 
requirements: 175 
 Simply supported in-plane - Both ends fixed against in-plane vertical deflection but 176 
unrestrained against in-plane rotation, and one end fixed against longitudinal horizontal 177 
displacement. 178 
 Simply supported out-of-plane - Both ends fixed against out-of-plane horizontal 179 
deflection, and twist rotation, but unrestrained against minor axis rotation.  180 
In order to provide simply supported conditions for the shear panel, the boundary conditions 181 
shown in Table 4 were applied at the supports and the loading point. The vertical translation 182 
was not restrained at the loading point. Table 4 shows the boundary conditions used along the 183 
edges in the finite element model while Figure 6 shows the applied loads and boundary 184 
conditions of the model. Single point constraints and concentrated nodal forces were used in 185 
the finite element models to simulate the experimental boundary conditions and applied loads 186 
as closely as possible as shown in Figure 6. In order to prevent twisting, the applied point load 187 
and simply supported boundary conditions were applied at the shear centre using rigid body 188 
reference node.  189 
 190 
Shear test specimens included a 75 mm wide rigid plate at each support to prevent lateral 191 
movement and twisting of the cross-section. These stiffening plates were modelled as rigid 192 
bodies using R3D4 elements. In ABAQUS (HKS, 2007) a rigid body is a collection of nodes 193 
and elements whose motion is governed by the motion of a single node, known as the rigid 194 
body reference node. The motion of the rigid body can be prescribed by applying boundary 195 
conditions at the rigid body reference node. Therefore simply supported boundary conditions 196 
were applied to the node at the shear centre in order to provide an ideal pinned support. 197 
 198 
Keerthan and Mahendran’s (2010b) shear test results for LSBs without web openings showed 199 
that some practical support conditions were not sufficient to provide simply supported 200 
conditions while the use of full height web side plates on both sides as used in the shear tests 201 
of this study simulated the required simply supported conditions (not fixed conditions), while 202 
also eliminating the web crippling failure. In this study the same web side plate arrangement 203 
  
 
 
was used and hence simulated the required simply supported conditions. Other researchers 204 
also used the web side plates in cold-formed steel beams for the same reasons (Shan et al., 205 
1997a and 1997b). 206 
 207 
Initial Geometric Imperfections 208 
 209 
The magnitudes of initial geometric imperfections were measured for the selected LSB test 210 
specimens. These measurements were taken along three lines in the longitudinal direction of 211 
the specimen at 20 mm intervals. They were made to determine the initial crookedness (lack of 212 
straightness) and local plate imperfections along the length. These imperfection measurements 213 
showed that the local plate imperfections are less than the currently accepted fabrication 214 
tolerance of d1/150. However, the fabrication tolerance limit of d1/150 was used in the 215 
numerical modelling of LSBs as the preliminary analyses showed that the effect of local plate 216 
imperfection (from d1/300 to d1/150) on the shear capacity of LSB was small. The critical 217 
imperfection shape was introduced by ABAQUS *IMPERFECTION option with the shear 218 
buckling eigenvector obtained from an elastic buckling analysis. 219 
 220 
Residual Stresses 221 
 222 
The residual stresses in the new LSB sections produced using the dual electric resistance 223 
welding and cold-forming processes have unique characteristics. The residual stress models of 224 
conventional steel sections are therefore not suitable for LSB sections. Therefore tests were 225 
conducted using the sectioning method to determine the residual stresses of LSB sections 226 
(Mahaarachchi and Mahendran, 2005; Seo et al., 2008).  The LSB residual stresses were found 227 
to be both membrane and flexural stresses as shown in Figure 7 although conventional cold-228 
formed steel sections have mainly flexural residual stresses. This is because LSB sections are 229 
manufactured using a combined cold-forming and welding process. There are considerably 230 
large membrane stresses in the web due to the welding of the section. However, flanges are 231 
governed by flexural residual stresses. Details of the residual stress tests and an idealized 232 
residual stress model developed for computer analyses are presented in Mahaarachchi and 233 
Mahendran (2005) and Seo et al. (2008). 234 
 235 
Preliminary finite element analyses showed that the effect of residual stresses on the shear 236 
capacity of LSBs without openings is less than 1% (Keerthan and Mahendran, 2011a). 237 
  
 
 
Therefore the effect of residual stresses on the shear capacity of LSBs with web openings is 238 
likely to be very small and hence it was decided to neglect the residual stresses in the FEA of 239 
LSBs with web openings. 240 
 241 
Analysis Methods 242 
 243 
Two methods of analysis were used, elastic buckling and nonlinear static. Elastic buckling 244 
analyses were used to obtain the eigenvectors for the inclusion of geometric imperfections. 245 
Nonlinear static analysis, including the effects of large deformation and material yielding, was 246 
adopted to investigate the shear behaviour of LSB sections up to failure. The RIKS method in 247 
ABAQUS was also included in the nonlinear analysis. It is generally used to predict 248 
geometrically unstable nonlinear collapse of structures. In using the RIKS method in this 249 
study, the solution of nonlinear equations was achieved by the Newton-Raphson method, in 250 
conjunction with a variable arc-length constraint to trace the instability problems associated 251 
with nonlinear buckling of beams. The parameters used for non-linear analyses are: 252 
 Maximum number of load increments = 100, 253 
 Initial increment size = 0.01, 254 
 Minimum increment size = 0.000001, 255 
 Automatic increment reduction enabled, and large displacements enabled. 256 
 257 
Validation of Finite Element Models 258 
 259 
It was necessary to validate the developed finite element model for non-linear analyses.  This 260 
was achieved by comparing the non-linear analysis results with the results obtained from shear 261 
tests of LSBs with web openings reported in Keerthan and Mahendran (2011b). This 262 
comparison was intended to establish the validity of the shell element model in the modelling 263 
of initial geometric imperfections and shear deformations, and associated material yielding.  264 
The accuracy of local plate imperfection magnitudes and finite element mesh density was also 265 
established. 266 
 267 
Table 5 presents a summary of the ultimate shear capacity results of LSBs with web openings 268 
of the non-linear static analyses using the developed finite element model and a comparison of 269 
these results with the corresponding experimental test results. The mean and COV of the ratio 270 
of test to FEA ultimate shear capacities are 0.99 and 0.041. This indicates that the finite 271 
  
 
 
element model developed in this study is able to predict the ultimate shear capacity of LSBs 272 
with circular web openings with very good accuracy.  273 
 274 
 Figures 8 (a) and (b) show the FEA results in the form of load versus vertical deflection for 275 
250x75x2.5 LSB with 60 mm web openings and 300x75x2.5 LSB with 60 mm web openings 276 
(aspect ratio=1.5), respectively, and compare them with corresponding experimental results. 277 
Figures 9 (a), (b) and (c) show the shear failure modes of 250x75x2.5 LSB with 127 mm web 278 
openings, 200x45x1.6 LSB with 102 mm web openings and 150x45x2.0 LSB with 60 mm 279 
web openings, respectively (aspect ratio=1.5). These figures demonstrate a good agreement 280 
between FEA and experiments and confirm the adequacy of the developed finite element 281 
model in predicting the ultimate load, deflections and failure modes of LSBs with web 282 
openings. 283 
 284 
Design Equations for the Shear Capacity of LSBs with Web Openings 285 
 286 
New design formulae were first proposed for the shear capacity of LSBs with web openings 287 
based on the experimental results in Keerthan and Mahendran (2011b). The shear capacity of 288 
LSBs with web openings (Vnl) can be calculated using a reduction factor qs applied to the 289 
shear capacity of LSBs without web openings (Vv) as given by Eqs. 1 and 2. In this section, 290 
the ultimate shear capacities of LSBs with web openings from both the validated finite element 291 
model and experiments are considered. Table 6 shows the ultimate shear capacities and the 292 
shear capacity reduction factor (qs) for varying ratios of depth of web openings to clear height 293 
of web (dwh/d1) from FEA and experiments while Figure 10 shows the plot of the shear 294 
capacity reduction factor qs (= Vnl/Vv)  versus dwh/d1.  295 
Vnl = qs Vv            for    85.024.0
1
<<
d
dwh                                                                               (1)                                                                              296 
145.1
1
d
dq whs −=                                                                                                                          (2)                                                                              297 
where 298 
whd = depth of web openings 299 
1d = clear height of web 300 
Vnl = shear capacity of LSB with web openings 301 
Vv = shear capacity of LSB without web openings 302 
  
 
 
 303 
Keerthan and Mahendran (2011a) present the design equations for the shear capacity of LSBs 304 
without web openings (Vv) by including the available post-buckling strength. They are given 305 
in Appendix A of this paper for the sake of completeness. Since the current cold-formed steel 306 
design codes do not include post-buckling strength in shear, Appendix A also includes the 307 
design equations for Vv without post-buckling strength. These design equations are also 308 
presented using the direct strength method as was done by other researchers, Moen and 309 
Schafer (2011) for cold-formed steel columns with openings and Hancock and Pham (2010) 310 
for cold-formed steel beams under combined shear and bending actions. 311 
 312 
In order to assess the accuracy of the proposed design equation for the shear capacity of LSBs 313 
with web openings (Eq.2), its predictions of the shear capacity reduction factors are compared 314 
with those from FEA in Table 6. It shows that they agree reasonably well with a mean of 0.99 315 
and a COV of 0.062. In Figure 10 also the shear capacity reduction factors from both FEA and 316 
experiments are compared with Eq.2, which shows a reasonably good agreement.  317 
 318 
Figure 11 shows the shear capacity curves as a function of the depth of web openings for one 319 
of the LSB sections. It also includes other available shear capacity equations based on 320 
AS/NZS 4600 (SA, 2005), McMahon et al. (2008) and Shan et al. (1997a and 1997b). They 321 
show that McMahon et al.’s design equation is unconservative for the shear capacity of LSBs 322 
with web openings while AS/NZS 4600 and Shan et al.’s design equations are very 323 
conservative. 324 
 325 
Figure 10 and Table 6 show that Equation 2 is unconservative in some cases, that is, when the 326 
LSBs have large web openings. In order to improve the accuracy of the proposed design 327 
equation (Equation 2), a series of nonlinear finite element analyses was conducted based on 328 
three key parameters such as the ratio of depth of web openings to clear height of web (dwh/d1), 329 
clear web height to thickness ratio (d1/tw) and web yield stress (fyw). Details of this parametric 330 
study are given next. 331 
 332 
 333 
 334 
 335 
 336 
  
 
 
Parametric Study and Improved Design Equations 337 
 338 
Parametric Study 339 
 340 
A detailed parametric study was undertaken based on the validated finite element model to 341 
develop an extensive shear strength data base and then to use them to develop improved 342 
design equations for LSBs with web openings. In this study an aspect ratio of 1.5 was used. 343 
Four LSB sections, 150x45x1.6 LSB, 150x45x2.0 LSB, 200x45x1.6 LSB and 250x75x2.5 344 
LSB, were selected in the first phase of the parametric study and some of the ultimate shear 345 
capacities of LSBs with web openings and the shear capacity reduction factors for varying 346 
ratios of dwh/d1 are given in Table 7. This table shows that ultimate shear capacities decrease 347 
with increasing depth of web openings. 348 
 349 
In order to investigate the effect of web yield stress (fyw) and clear height of web to web 350 
thickness ratio (d1/tw) on the ultimate shear capacity of LSBs with web openings, the same 351 
finite element model was used with varying web thickness (tw) and web yield stress (fyw) 352 
values. Here 150x45x1.6 LSB, 200x45x1.6 LSB and 300x75x2.5 LSB were selected and some 353 
of the ultimate shear capacities of LSBs with web openings and the shear capacity reduction 354 
factors for varying ratios of d1/tw and web yield stress (fyw) are given in Table 8.  The clear 355 
web height to thickness ratio (d1/tw) was varied by simply changing the web thickness. This 356 
table indicates that the web yield stress (fyw) and the clear height of web to web thickness ratio 357 
(d1/tw) have only a small effect on the ultimate shear capacity of LSBs with web openings.   358 
 359 
Improved Design Equations for the Shear Capacity of LSBs with Web Openings 360 
 361 
It was found that Equation 2 is unconservative when LSBs have large web openings (see 362 
Section 3). In order to improve the accuracy of the proposed design equation (Equation 2), a 363 
series of nonlinear finite element analyses was conducted and improved design equations can 364 
be developed now for the shear capacity of LSBs with web openings based on both 365 
experimental and FEA parametric study results. The improved design equations for the shear 366 
capacity of LSB with web openings (Vnl) were also based on a reduction factor qs applied to 367 
the shear capacity of LSBs without web openings (Vv). Design equations for Vv are given in 368 
Appendix A of this paper. Equations 3 to 6 show the improved design equations for the shear 369 
capacity of LSBs with web openings based on both experimental and FEA parametric study 370 
  
 
 
results. These improved equations allow for the observed differences in qs variations as dwh/d1 371 
increases. Hence they include three different, but linear relationships as a function of dwh/d1. 372 
Vnl = qs Vv                                                                                                                               (3)                                                                          373 

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 377 
In order to assess the accuracy of the new improved equations for the shear capacity of LSBs 378 
with web openings (Eqs. 4 to 6), they are compared with FEA and experimental ultimate shear 379 
capacities in Figure 12(a). Figure 12(a) shows the non-dimensional curve of the shear capacity 380 
reduction factor qs (= Vnl/Vv) versus the ratio of depth of web openings to clear height of web 381 
(dwh/d1). The comparison of results in Figure 12(a) clearly demonstrates that the new equations 382 
for the shear capacity reduction factor qs are able to match the variations in qs with dwh/d1 and 383 
eliminate the shortcomings with Equation 2. The new equations provide a lower bound to qs 384 
and thus ensure a safe design of LSBs with web openings. 385 
 386 
In order to determine the accuracy of improved design equations (Eqs.4 to 6) for LSBs with 387 
an aspect ratio of 1.0, further nonlinear finite element analyses were conducted for three 388 
different LSB sections with varying web opening sizes. The results are plotted in Figure 12(b) 389 
in the same format and compared with Eqs.4 to 6. This comparison shows that the new 390 
improved design equations are also able to predict the shear capacities of LSBs with an aspect 391 
ratio of 1.0. 392 
 393 
Elastic Buckling and Post-Buckling Behaviour of LSBs with Web Openings 394 
 395 
Keerthan and Mahendran’s (2010b) shear test results showed that the elastic buckling 396 
capacity of LSBs without web openings was considerably increased due to the presence of 397 
increased fixity along the web to flange juncture. They showed that the assumption of simply 398 
supported conditions along the web to flange juncture in AS/NZS 4600 (SA, 2005) and AISI 399 
(2007) shear design rules gave conservative predictions of the shear capacities of LSBs. 400 
  
 
 
Equation A-4 (Appendix A) was therefore developed to predict the increased shear buckling 401 
coefficients of LSBs. Similar equations were also developed by Lee et al. (1995) for steel 402 
plate girders in shear.  403 
 404 
When LSBs included web openings, their elastic buckling capacity was again enhanced by the 405 
presence of higher level of fixity along the web to flange juncture. This was evident from the 406 
shear test and FEA results in this study. For example, the elastic shear buckling load of 407 
200x45x1.6 LSB with 102 mm web openings is predicted to be 22.75 kN, in comparison to 408 
the predicted buckling load of 17.9 kN based on simply supported plate with 102 mm web 409 
openings.  410 
 411 
Yoo and Lee (2006) showed that simply supported conditions along the edges of a rectangular 412 
panel are sufficient to develop a practically meaningful post-buckling strength due to the 413 
tension field action for plate girders. The same observation was made in Keerthan and 414 
Mahendran’s (2010b, 2011a) experimental and numerical studies of LSBs without web 415 
openings. They showed that considerable post-buckling strength was present for LSBs due to 416 
the tension field action, in particular for LSBs with slender webs. 417 
 418 
In order to investigate the post-buckling behaviour of LSB with web openings, non-linear 419 
finite element analyses were performed. Figure 13 shows the plot for applied versus lateral 420 
deflection (200x45x1.6 LSB with 127 mm web openings). It shows the presence of significant 421 
reserve capacity beyond elastic buckling for LSB with web openings. Experimental and FEA 422 
results obtained in this research show that slender LSBs with web openings do not collapse 423 
when elastic buckling stress is reached, but have considerable post-buckling strength (Figure 424 
13).  425 
 426 
Shanmugam et al. (2002) investigated the shear behaviour of plate girders with web openings 427 
using finite element analyses and showed the presence of post-buckling strength due to 428 
tension field action. Figure 14 shows that the tension field action observed in the shear tests 429 
was predicted accurately by FEA. It also shows the mechanics of post-buckling behaviour of 430 
LSBs with web openings in shear and confirms that simply supported conditions are sufficient 431 
to develop post-buckling strength of LSBs with web openings due to the tension field action. 432 
 433 
  
 
 
Keerthan and Mahendran’s (2010b) shear test results for LSBs without web openings showed 434 
that some practical support conditions were not sufficient to provide simply supported 435 
conditions while the use of full height web side plates on both sides as used in the shear tests 436 
of this study simulated the required simply supported conditions (not fixed conditions), while 437 
also eliminating the web crippling failure. In this study the same web side plate arrangement 438 
was used and hence simulated the required simply supported conditions.  439 
 440 
Vierendeel Mechanism of LSBs with Web Openings 441 
 442 
In order to investigate the effect of vierendeel mechanism of LSBs with web openings, 443 
nonlinear finite element analyses were conducted for LSBs with large web openings.  It was 444 
found that when the depth of web opening, dwh, was equal to the clear height of web (d1), the 445 
failure was caused by the Vierendeel mechanism with hinges forming centrally at the top and 446 
bottom of the flanges. These observations are similar to Narayanan’s (1982) test observations 447 
for thin web plate girders with perforations. Figure 15 shows the Vierendeel mechanism of 448 
250x75x2.5 LSB. Table 9 shows the ultimate shear capacities of LSBs with web openings in 449 
this case. It shows that LSBs with web openings have considerable amount of shear capacity 450 
(24 to 37%) even when the depth of web opening, dwh, was equal to the clear height of web 451 
(d1). 452 
 453 
Shear Capacity of LSBs with Web Openings Using an Alternative Prediction Method 454 
 455 
At present, there is no accepted design method for the shear capacity of LSBs with web 456 
openings. The existing design method in AS/NZS 4600 (SA, 2005) and AISI (2007) deals with 457 
only cold-formed channel sections with web openings, and does not give the shear capacity of 458 
LSBs with web openings. Therefore new design equations (Eqs. 3 to 6) were proposed to 459 
determine the shear capacity of LSB with web openings Vnl, which are based on a reduction 460 
factor qs applied to the shear capacity of LSBs without web openings Vv (Section 4). However, 461 
there is a need to develop a general shear design equation that applies to LSB sections with or 462 
without web openings. An alternative prediction method is therefore proposed in which the 463 
web plate of the LSB cross-section with circular web openings is replaced with a solid web 464 
plate having an equivalent reduced thickness. This will then allow the shear strength equations 465 
developed for LSBs without web openings to be used for LSBs with web openings. The 466 
implementation of a reduced web thickness in LSBs with web openings is more convenient 467 
  
 
 
and practical. Therefore, this investigation was first aimed at developing an equivalent reduced 468 
thickness method that allows for the effect of web openings on the shear buckling capacity of 469 
LSBs. 470 
 471 
A detailed parametric study based on the validated finite element model described in Section 2 472 
was undertaken to develop an extensive data base of elastic shear buckling loads for LSBs 473 
with web openings, which was then used to determine the equivalent reduced web thickness. 474 
An aspect ratio (a/d1) of 1.5 was considered in this study. Figure 16 shows the elastic shear 475 
buckling mode of 200x45x1.6 LSB with 60 mm web opening while Table 10 shows some of 476 
the elastic shear buckling loads of LSBs with web openings. As expected the elastic shear 477 
buckling loads decrease with increasing depth of web opening (dwh). 478 
 479 
Lee et al. (1995) investigated the effect of flange to web thickness ratio (tf/tw) on the shear 480 
buckling coefficient of plate glider. They found that when the flange to web thickness ratio 481 
(tf/tw) is much less than 1, the effective web-flange juncture support condition of plate girders 482 
was close to a simply supported condition. However, when the flange to web thickness ratio 483 
(tf/tw) was greater than 2, the effective web-flange juncture support condition of plate girders 484 
was close to a fixed support condition and the shear buckling coefficient of plate girder did not 485 
vary with flange to web thickness ratio (tf/tw). Based on these observations, Lee et al. (1995) 486 
proposed suitable equations for the shear buckling coefficient of plate girders. Their equations 487 
for the shear buckling coefficient of plate girders are presented as Equations 7 and 8. 488 
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where   kss, ksf = Shear buckling coefficients of plates with simple-simple and simple-fixed 491 
boundary conditions. 492 
 493 
Since LSBs have rigid hollow flanges, their equivalent flange to web thickness ratios (tf/tw) 494 
can be considered to be greater than 2 for LSBs with or without web openings. It was found 495 
that the boundary condition at the web-flange juncture of LSBs is almost the same as that for 496 
plate girders (Keerthan and Mahendran, 2010a).  Therefore the effect of web openings on the 497 
web-flange boundary condition of LSBs is likely to be very small and it is assumed that the 498 
  
 
 
shear buckling coefficient of LSBs with web opening is equal to that of LSBs without web 499 
openings (kLSB given by Eq.A4).  Hence Equation 9 can be used to calculate the elastic shear 500 
buckling load of LSBs with web openings (VBuckling) assuming the same shear buckling 501 
coefficient kLSB and an equivalent reduced web thickness tEqu-web. The equivalent reduced web 502 
thickness (tEqu-web) will also be able to accommodate any small changes to the shear buckling 503 
coefficient of LSBs due to the presence of web openings. 504 
 505 
( )3LSB Equ web
Buckling
1
0.905 E k t
V
d
−× × ×=                                                                                     (9) 506 
 507 
Using the elastic shear buckling loads from FEA reported in Table 10 and Eq.9, the equivalent 508 
reduced web thickness for LSBs with web openings (tEqu-web) was calculated and presented in 509 
Table 10. A new equation (Eq. 10) was then developed to predict the equivalent reduced web 510 
thickness for LSBs with web openings assuming that it mainly depends on the ratio of dwh/d1. 511 
 512 
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Equ web w
1
dt 1 t
2.3d−
 
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 
                                                                                                         (10) 513 
 514 
The predicted equivalent reduced web thicknesses from Equation 10 are compared with the 515 
calculated equivalent reduced thicknesses from Eq. 9 in Figure 17 and Table 10. They show 516 
that the proposed equation (Eq. 10) is able to accurately predict the equivalent reduced web 517 
thickness for LSBs with web openings. 518 
 519 
The ultimate shear capacity results of LSBs with web openings obtained from the nonlinear 520 
finite element analyses and experiments are now recast in the Direct Strength Method (DSM) 521 
format and are shown in Table 11 and Figure 18. The ultimate shear strength uτ was calculated 522 
as the ultimate shear capacity from FEA and experiments (Vu) divided the by the reduced web 523 
area of d1tEqu-web whereas the slenderness (λ ) was calculated as 
cr
yw
τ
τ
  524 
(= ( )( )1 Equ web yw LSB0.815d t f Ek− × ) where ywτ  is the shear web yield stress and crτ  is the 525 
elastic shear buckling stress. Here the proposed equivalent reduced web thickness ( Equ webt − ) 526 
based on Eq. 10 was used to calculate the elastic shear buckling stress ( crτ ). In order to extend 527 
  
 
 
the verification of the accuracy of the proposed equivalent reduced web thickness methods and 528 
the DSM based shear strength equations, the FEA parametric study results are also shown in 529 
Figure 18.  530 
 531 
Figure 18 shows the shear design curves based on the proposed DSM based shear strength 532 
equations developed for LSBs without web openings (Keerthan and Mahendran, 2011a). It can 533 
be seen that the shear strength results of LSBs with web openings agree reasonably well with 534 
these design curves. The FEA and experimental results of LSBs without web opening are also 535 
plotted in Figure 18. Comparison of shear strength results of LSBs with and without openings 536 
in relation to the shear design curves indicates that the same shear strength design equations 537 
can be used satisfactorily in both cases provided appropriate equivalent reduced web 538 
thicknesses as defined by Eq. 10 are used in the case of LSBs with web openings. The mean 539 
and COV values of the ratio of test to predicted shear capacity are 1.023 and 0.073, and 1.039 540 
and 0.058, for LSBs with and without web openings, respectively. In relation to FEA results 541 
they are 1.037 and 0.060, and 1.057 and 0.046. It is therefore concluded that the proposed 542 
design equations given in Appendix A (Keerthan and Mahendran, 2011a) can be used for 543 
LSBs with or without web openings if their equivalent reduced web thicknesses are used. An 544 
appropriate equivalent reduced thickness ( Equ webt − ) based on Eq. 10 should be included to 545 
allow for the web openings of LSBs. 546 
 547 
Conclusions 548 
 549 
This paper has presented a detailed investigation into the shear behaviour of LSBs with web 550 
openings using finite element analyses. Suitable finite element models were developed and 551 
validated by comparing their results with experimental test results. The developed nonlinear 552 
finite element model was found to predict the shear capacities of LSBs with web openings and 553 
associated deformations and failure modes with very good accuracy. It was found that the 554 
current AS/NZS 4600 (SA, 2005) and AISI (2007) design equations are conservative for the 555 
shear design of LSBs with web openings. McMahon et al.’s (2008) design equation was found 556 
to be unconservative for the shear capacity of LSBs with web openings while Shan et al.’s 557 
(1997a, 1997b) design equations were too conservative. Improved design equations have been 558 
proposed for the shear capacity of LSBs with web openings based on both experimental and 559 
FEA parametric study results. An alternative shear design method based on an equivalent 560 
  
 
 
reduced web thickness was also proposed to predict the shear strength of LSBs with web 561 
openings. It was found that the same shear strength design rules developed for LSBs without 562 
web openings can be used for LSBs with web openings provided the equivalent reduced web 563 
thickness equation developed in this paper is used in all the calculations. This is a useful 564 
outcome as it simplifies the shear design methods of LSBs with web openings considerably. 565 
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Appendix A: Proposed Design Equations for the Shear Strength of LSBs without Web 628 
Openings (Keerthan and Mahendran, 2011a) 629 
 630 
(a) Shear Strength of LSBs without Post-Buckling 631 
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 645 
where kss, ksf = shear buckling coefficients of plates with simple-simple and simple-fixed 646 
boundary conditions. 647 
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(b) Shear Strength of LSBs with Post-Buckling 652 
 653 
Option 1 654 
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   (Inelastic shear buckling strength based on Equation A-2) 661 
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Direct Strength Method (DSM) 676 
 677 
(a) Shear Strength of LiteSteel Beams without Post-Buckling 678 
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(b) Shear Strength of LiteSteel Beams with Post-Buckling 686 
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Equation A-24 can also be written as follows. 695 
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